A B STR A CT The inflammatory reaction induced in ear chambers of rabbits by heat injury was studied in nondiabetic animals made hyperglycemic with continuous infusions of glucose. Hypertonic solutions of glucose administered intravenously to rabbits induced the following triad: hyperglycemia, hyperosmolality, and metabolic lactic acidosis. It was found that relatively short periods of this metabolic abnormality were associated with a significant reduction in the intensity of the inflammatory reaction.
INTRODUCTION
There is evidence from studies in animals to indicate that poorly controlled diabetes mellitus increases susceptibility to infection by bacterial and fungal pathogens (1) (2) (3) . Firm proof that the same is true for human beings is lacking, although there are substantial clinical indications that lead one to believe that these infections are inadequately contained by diabetic patients (4) . Recent studies reported from several laboratories showed that polymorphonuclear granulocytes (PMING) recovered from venous blood of diabetic animals and humans function as well as cells obtained from control donors (2, (5) (6) (7) . In contrast, Drachman, Root, and Wood suggested that cells contained in exudates with modest increases of osmolality from either healthy or nonketotic diabetic rats exhibited a depressed phagocytic ability both in vivo and in vitro. Their evidence suggested that hyperglycemia might be the critical parameter that enhanced the susceptibility of diabetics to infection (2) .
Other lines of evidence also suggest that the osmolality of blood may have important bearing upon the vigor and efficiency of the inflammatory response mobilized in the papillary region of the kidney where flow of blood is substantially slower than in the renal cortex (8, 9) . In addition, the renal medullary tissues are probably low in pH, relatively anoxic, and have a higher interstitial osmolality than cortical tissue of the kidney (10) . There is also cinephotomicrographic evidence that the rheologic properties of the cellular elements of the blood stream are altered by physiochemical changes of extravascular fluid within these areas of high interstitial osmolality (11) . It is remarkable that no systematic effort has been made, to the best of the authors' knowledge, to determine in vivo whether the osmolality attending hyperglycemia in itself will modify the exudative aspects of acute inflammation in extrarenal loci. There is evidence, however, that hyperglycemia complicated by ketoacidosis in uncontrolled diabetes mellitus is associated with an impaired inflammatory reaction (3) (4) (5) 12) .
From the narrative that follows it can be seen that attempts were made to correlate the intensity of inflammation seen within heat damaged tissue recorded with a 16 mm camera as described previously (13) .
RESULTS

Acute experiments
Lethality of glucose. Eight rabbits without ear chambers were used to determine the lethality of 4-hr infusions of glucose. When more than 70 g of glucose was given, blood glucose levels exceeded 1000 mg/100 ml at the end of the infusion. These rabbits died during or immediately after the infusion (Table I) . Animals given between 50 and 60 g of glucose (13-18 g/kg body weight) over 4 hr did not have serum glucose levels that were as high, and the recipients survived. Hence, it was decided to infuse animals with 13.0-16.0 g of glucose/hr for 4 hr for a total of 52-64.0 g. It was also found that when this amount of glucose was given hyperglycemia ensued and serum osmolalities were moderately elevated but not to the extent encountered with fatal infusions (Table I) The microcirculatory events that follow burn injury to rabbit ear chambers have been described in detail previously (13) . This model has been systematically observed by both authors several hundred times in untreated animals; these studies served as our control (see Table II ). Burn injury to ear chambers produces an acute inflammatory reaction that is not only predictable but reproducible within the limits of a biological system.
It will be recalled that in this series of studies, ear chambers were burned one hour after the glucose infusions were initiated. The effects of short episodes of hyperglycemia, hyperosmolality, and metabolic acidosis upon the acute inflammatory response induced by thermal burn were limited to two distinct and decisive aspects of the reaction. First, it was observed repeatedly that the leucocytic sticking reaction was substantially less in animals receiving glucose (see Table II ). Continuous observation of the reaction confirmed the fact that the margination of PMNG remained at low levels not only during the 4 hr of infusion but for the entire 24 hr of study. Thus when documented photographically there were far fewer PMNG to be found as exudate than were recorded in chambers of untreated animals. A second aspect worthy of note was the fact that after glucose was infused there was less perivascular hemorrhage to be found about static vessels located on the perimeter of the burned tissue. This was so even though vasodilation and the flow of blood within tissue of ear chambers of the metabolically abnormal animals appeared just as prominent as was recorded for damaged chambers of untreated rabbits. The net result of the glucose infusions amounted to a significant reduction in the number of blood cells of all types that by diapedesis migrated into the damaged ear tissue.
Chronic experiments
Since the elevated carbohydrate levels produced during the 4-hr studies simulated only briefly one aspect of the abnormal metabolism of poorly controlled diabetes mellitus, it was of interest to find whether a sustained state of hyperglycemia, hyperosmolality, and metabolic acidosis would alter either the capillary dynamics of uninjured ear chambers or the acute inflammatory response generated by heat.
Lethality of glucose. It was found that administration of more than 200 g of glucose during 24 hr led to blood glucose levels in excess of 1000 mg/100 ml. Death always occurred during or immediately after the infusion. On the other hand, animals given 150 g of glucose during 24 hr (40-46 g/kg body weight) developed more modest elevations of blood glucose, and they almost always survived (Table III) . Therefore, it was decided to infuse the rabbits continuously with glucose at the rate of 25 g every 4 hr for a total of 150 g. It may be seen that these levels of hyperglycemia also caused metabolic acidosis (Chart 1) and a concomitant elevation of serum osmolality (Table III) .
Results of ear chamber studies. When a 50% glucose solution was given continuously for 24 hr, the flow of blood decreased for brief periods in the ear chambers of some animals. Occasionally these episodes of vasocontriction led to rouleaux formation and stasis of blood flow in a few channels but outside stimuli were believed to be responsible for their occurrence. It should be emphasized, however, that no consistent alteration was found in flow of blood or dispersion of the intravascular cellular elements during the 24 hr of observation. No leakage of red blood cells with formation of hemorrhage (13) . However, in contrast to control animals (Figs. 1-3) , the sticking reaction was not as heavy in hyperglycemic animals (Figs. 4-6 ). In most experiments only a few cells were noted to be sticking to vascular endothelium within 9 to 12 hr (Fig. 5) , and no sticking was to be found in a few chambers by 12 lhr. In other experiments very light sticking of white blood cells was observed during the entire 24 hr of stud,. Overall, the adhesion of leucocytes to vascular endothelium was substantially lighter within the ear chambers of metabolically abnormal animals studied for 24 hr when compared to the acute inflammatory response evoked in untreated rabbits.
As expected, the migration of white blood cells into perivascular connective tissue began soon after intravascular sticking was first detected. Cellular accumulation was more noticeable about vessels nearest the lesion and paralleled in general the intensity of leucocytic sticking. It was not surprising to note, however, that diapedesis was reduced, and hence, the entire exudative cellular response was seen to be impaired beginning with the stage of PMNG sticking to the emigration and accumulation of cells within injured ear chamber tissue of hyperglycemic rabbits (compare Figs. 3 and 6 ).
Hemorrhages about small injured vessels became clearly visible in the chamber tissues of untreated rabbits from 6 to 18 hr after thermal burn and covered a large part The effect of hyperosmolality without acidosis on inflammation
Next, we sought to identify and define separately the effect of metabolic acidosis and serum hyperosmolality upon the inflammatory response. Concentrated solutions of NH4Cl and HCl were given intravenously for 4 hr into rabbits in order to study the effects of acidosis on inflammation without hyperosmolality. These agents produced metabolic acidosis easily enough but proved difficult to regulate since most animals expired suddenly and unpredictably after the desired level of acidosis was reached. Arterial pH values in the range of 7.20 were found to be irreversible in these recipients. Serum osmolality values were also increased. The ear chambers of four animals made acidotic and hyperosmotic with ammonium chloride were injured by heat. The inflammatory responses encountered were substantially less than in controls and were identical to the reaction found after infusions of hypertonic glucose. From this then it seemed that an excess of glucose was not required for suppression of inflammation. This approach was discarded when it was found to be impossible to avoid induction of hyperosmolality.
Our attention then turned to attempts to produce hyperosmolality with intravenous glucose without an associated metabolic acidosis. Initially it was found that sodium bicarbonate was unsatisfactory for use in neutralizing glucose induced acidosis as animals often died suddenly after large amounts of bicarbonate were given. Trial of the organic compound 2-amino-2-(hydroxymethyl)-1,3-propanediol (THAM) (Abbott Laboratories, North Chicago, Ill.) proved to be more effective than sodium bicarbonate in controlling metabolic acidosis produced by hypertonic glucose. It was found that 10 ml of a 0.6 M solution of THAM mixed with 200 ml of 27.5% glucose solution could be infused safely at the rate of 0.75 ml/min for 4 hr. This mixture consistently produced hyperglycemia and serum hyperosmolality with no major change in arterial pH values.
Next, six acute (4 hr) ear chamber experiments using THAM neutralized glucose solutions were performed. In each instance, hyperosmolality of serum was found with no evidence of metabolic acidosis. The 'IGURES 1-3 illustrate the robust inflammatory reaction recorded in ear chambers of untreated or control animals. Fig. 3 ). X 400. FIGURES 7 and 8 illustrate the lessened inflammatory reaction in glucose THAM infused rabbits with hyperglycemia and hyperosmolality uncomplicated by acidosis. Fig. 7 . Hyperglycemic rabbit. Hyperosmolality without acidosis. The inflammatory response was less than controls 2 hr postinjury. Light sticking of PMNG can be seen (S), but it is substantially less than encountered in untreated animals. Arteriolar (A) and venular (V) stasis can be seen at edge of burn. Compare with Fig. 1 and Fig 4. Thus, it was concluded that hyperglycemia and hyperosmolality were sufficient to depress the cellular aspects of acute inflammation.
DISCUSSION
It was concluded from the studies just described that the acute inflammatory reaction generated by heat injury was impaired in rabbits with the induced metabolic triad of hyperglycemia, hyperosmolality, and metabolic acidosis. In particular, the number of leucocytes and erythrocytes observed in the connective tissue of damaged ear chambers was decreased substantially after rabbits were given glucose continuously by vein for 4 hr and for 24 hr. This reduction in vigor of leucocytic exudation seemed directly related to the scant number of white blood cells that adhered to injured endothelium; whereas, there was no obvious explanation for the diminished number of extravascular red blood cells. It was observed previously that when erythrocytes were extruded from blood vessels, they traversed vascular endothelium via "holes" created by emigrating white blood cells (13) . Thus a reduction in intensity of leucocytic diapedesis could account for the lessened perivascular hemorrhage found in these experiments.
It was tempting to attribute this suppression of inflammation to the elevated values of blood glucose. However, hypertonic infusions of glucose produced hyperosmolality of serum with uncompensated metabolic lactic acidosis. Further experiments revealed that when the acidosis was neutralized or prevented with THAM, the inflammatory response to burn injury was still impaired. Hence, hyperglycemia and hyperosmolality appeared to be a sufficient derangement for reducing the sticking capacity of leucocytes and their subsequent diapedesis after burn injury. This result may thus represent a highly significant fact when applied to the overall metabolic abnormality found in humans with poorly regulated diabetes mellitus. It is possible that elevated blood sugar levels may materially compromise the vigor of the leucocytic sticking reaction when these cells marginate as a consequence of injury. This turn of events may then reduce the number of diapedesing leucocytes and thereby effectively dampen the cellular reaction to inflammation. Enhancement of bacterial and fungal infections might then result.
Considerable support may yet be marshaled for the concept that excesses of plasma or tissue osmolality or hydrogen ion concentration bear directly upon the vigor and effectiveness of the host immune mechanism. Studies conducted in a fluid medium have shown repeatedly that extremes of osmolality can depress not only phagocytic activity (14, 15) but also the capacity for PMNG to clump together into aggregates after ingestion of bacteria has taken place (16) . Evidence of this sort leads one to suspect that hyperglycemia with modest elevations of serum and tissue osmolality may have a significant influence upon the host defense mechanism against infection. In this regard it is likely that the net electrical charge of the formed elements is responsible for their stable dispersion in the circulation. Conditions that alter this charge, such as rather subtle changes of osmolality or hydrogen ion concentration, might be expected to modify profoundly the capacity of these elements to respond to injurious stimuli in the usual manner. Finally, it should be pointed out that since the alterations of osmolality were not comparable to the high levels that have been used (16) to change leucocytic adhesiveness in vitro one cannot exclude completely the nonosmotic effect of glucose.
